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In response to DNA damage, p53 is activated mostly at the post-translational level by complex series of modifications, including phosphorylation and acetylation, leading to control cell life and death. 2, 3 Apoptosis has recently been suggested to be a major contribution to p53-mediated suppression of tumor formation, and resistance to apoptosis is one of the major hurdles in the treatment of cancer. 4 The mechanisms by which p53 accomplishes its apoptotic function have been studied and involve activation of the mitochondrial pathway, the death receptor pathway, and cleavage of downstream caspases. 5 Numerous publications have recently described the importance of p53 transcriptional regulation of components of both extrinsic and intrinsic apoptotic pathway including Bax, p53AIP1, Noxa, PUMA, Fas/Apo1, KILLER/ DR5, and PERP, although cells that have engaged p53-dependent apoptosis typically follow the intrinsic cell death pathway. 5 Several genes may be recruited simultaneously by p53 within the same cell, probably acting additively or synergistically, whereas others may be more cell typerestricted with regard to their requirement for p53-mediated apoptosis. Either way, it has been suggested that the choice of p53 between life and death may be dictated by its ability to switch on preferentially particular subsets of genes. The molecular basis for the different activation of particular subsets of target genes is not fully understood. Most certainly, multiple molecular mechanisms contribute to p53's target selectivity. There is now ample evidence that covalent modifications on p53, possibly through conformational changes, which alter directly its DNA-binding specificity, may play a critical role in its target genes preference. However, which phosphorylation sites may be modified after DNA damage to induce the different apoptotic pathways has only recently begun to be addressed.
We have recently shown that homeodomain interacting protein-kinase 2 (HIPK2) specifically phosphorylates p53 at Ser46, thereby activating the p53 apoptotic function following severe DNA damage, including ultraviolet radiation and chemotherapeutic drug treatments. 6, 7 Emerging evidence implicates that p53 phosphorylation at Ser46 is a necessary step for inducing irreversible apoptosis in response to severe DNA damage. 8 This finding has revealed a role for HIPK2 in the post-translational modifications and selective regulation of p53 transcriptional activity. Thus, it has been shown that p53Ser46 phosphorylation is associated with transcriptional activation of proapoptotic mitochondrial p53AIP1 gene, involving the intrinsic apoptotic pathway. 8, 9 In agreement with these data, it has been recently shown that defect in Ser46 phosphorylation contributes to the acquisition of the p53 resistance in an oral squamous cell carcinoma cell line, 10 while a mutant active form of p53, p53-46F, induces apoptosis more effectively than wild-type p53, 11 strengthening the role for this p53 post-translational modification in selective transcription of apoptotic target genes. Starting from these findings, we wanted to investigate whether HIPK2/p53 complex could induce the activation of extrinsic/death receptor pathway.
We overexpressed wild-type Flag-tagged HIPK2 and its kinase-deficient mutant K221R in 2008 human ovarian carcinoma cells carrying wild-type p53. Viability assay by Trypan blue exclusion and the long-term colony assay showed that HIPK2 overexpression drastically reduced cell viability and cell survival, respectively, compared to K221R mutant (data not shown). Western blot analysis shows that HIPK2 overexpression in 2008 cells induced apoptotic cell death as evidenced by cleavage of the caspase-3 substrate PARP mediated by caspase-8 cleavage (Figure 1a) . Caspase activity was then estimated by means of fluorogenic assay showing that HIPK2 overexpression, but not K221R mutant expression, induced caspase-3 and caspase-8 activities (Figure 1b) . We next evaluated the involvement of HIPK2 in activation of extrinsic/death receptor pathway in a more physiological manner. The 2008 cells, treated with adriamycin (ADR), were subjected to immunoblot analyses to show caspase-8 and PARP cleavages (Supplementary Figure  S1a) , as well as fluorogenic assay for detection of caspase-8 activity (Supplementary Figure S1b) . Following depletion of HIPK2, 2008 cells strongly reduced their ability to activate caspase-8 activity (Supplmentary Figure S1b) , suggesting that HIPK2 is involved in extrinsic/death receptor pathway activation following drug treatment. To confirm these findings, we cotransfected 2008 cells with HIPK2 and DN-caspase-8 mutant expression vectors. This dominant negative mutant protein specifically inhibits the processing of substrates by wild-type caspase-8 enzyme. As shown in Figure 1c , HIPK2-induced caspase-8 and -3 activities, as detected by fluorogenic assay, were strongly suppressed by DN caspase-8 coexpression. We next examined the impact of irreversible caspase inhibitors zVADfmk (for all caspases) and zIETDfmk (for caspase-8) on HIPK2-mediated caspases' activation. The general caspase inhibitor zVADfmk completely blocked both caspase-8 and caspase-3 cleavage; similarly, the zIETDfmk drastically reduced both caspases activity (Figure 1c) . To test the role of caspase-8 on HIPK2-induced cell death, we measured apoptosis by TUNEL staining. We found a reduction of HIPK2-induced apoptosis, following cotransfection with DN-caspase-8 mutant expression vector or treatment with the caspase-8 inhibitor zIETDfmk (Supplementary Figure S2) . Altogether, these results strongly suggest that HIPK2-induced caspase-8/extrinsic pathway activation is involved in apoptotic cell death. The finding that inhibition of HIPK2-induced caspase-8 does not completely abrogate apoptosis suggests the existence of additional caspases involved in HIPK2-induced apoptosis.
To get insight into the molecular mechanisms of caspase-8/ extrinsic pathway activation by HIPK2 and the subsequent involvement of p53 transcriptional activity, we analyzed the expression levels of p53 target genes known to induce apoptotic cell death through caspase-8 activation, including KILLER/DR5 and Fas/APO1. 5 We performed RT-PCR analyses following HIPK2 and K221R vectors overexpression in 2008 cells. We found that the expression levels of KILLER/ DR5 were upregulated following HIPK2 overexpression, while K221R mutant failed to do so (Figure 1d) . Interestingly, Fas/ APO1 death receptor was not induced, indicating a cell-type specificity for gene transcription and, in agreement with previous results, 6 p21 Waf1 was not upregulated. Furthermore, the involvement of apoptotic intrinsic pathway was shown by induction of Noxa (Figure 1d ). These results indicate target genes transcriptional selectivity mediated by HIPK2 and the involvement of HIPK2 catalytic domain in this function. Therefore, to confirm the involvement of HIPK2-induced p53Ser46 phosphorylation in the transcription of KILLER/ DR5 gene, we overexpressed HIPK2 and K221R vectors in combination with wtp53 and S46A-mutant expression vectors in H1299 p53/null cells. We found that KILLER/DR5 expression levels were upregulated when HIPK2 was coexpressed with wtp53, but not with p5346A mutant (Figure 1e) . Similarly, K221R vector coexpressed with wtp53 failed to upregulate both KILLER/DR5 gene and the already known p53AIP1 gene. Finally, we found that HIPK2-induced caspase-3 and -8 activities were strongly impaired by inactivating KILLER/DR5 function using siRNA ( Figure 1f ). As expected, TUNEL assay revealed reduction of HIPK2-induced apoptosis in the absence of KILLER/DR5 (Supplementary Figure S3a and  b ). Therefore, we tested the involvement of Noxa (intrinsic pathway) in HIPK2-induced relative caspase-3 and -8 activities and apoptosis. We overexpressed HIPK2 in 2008 cells, following abolishment of endogenous Noxa by siRNA and found a strong reduction of caspase-3 activity, while caspase-8 activity was not affected; in agreement siRNA for Noxa function, reduced HIPK2-induced apoptosis of about 38% (Supplementary Figure S4a and S4b) .
Altogether, these data demonstrate, for the first time, that exogenous HIPK2 can induce apoptosis through caspase-8 activation and that HIPK2-induced p53S46 phosphorylation may regulate the expression of KILLER/DR5 gene, involved in caspase-8/extrinsic pathway activation. However, we also show that the mitochondrial intrinsic pathway is induced by HIPK2 through Noxa, likely explaining why inhibition of caspase-8 does not completely abolish HIPK2-induced apoptosis. These are important findings because the initiator caspases, including caspase-8 and -9, appear to have some specificity for different types of upstream signals as well as preferred downstream substrate procaspases. Moreover, components of cell apoptotic machinery are frequently altered in cancer and disruption of apoptotic pathways may be involved in tumor formation, regression, and chemoresistance. The fact that HIPK2/p53Ser46 participates in both the extrinsic and the intrinsic pathways of caspases activation supports the idea that there are multiple downstream effectors of p53 involved in cell death and strengthen the role of this specific p53Ser46 post-translational modification in selective activation of apoptotic target genes. Thus, agents that induce phosphorylation of p53 at Ser46 will favor the transcriptional repertoire of p53 towards proapoptotic genes, thereby favoring death.
